In this review, we broadly define and discuss the preclinical rodent models that are used for orthopedics and bone tissue engineering. These range from implantation models typically used for biocompatibility testing and high-throughput drug screening, through to fracture and critical defect models used to model bone healing and severe orthopedic injuries. As well as highlighting the key methods papers describing these techniques, we provide additional commentary based on our substantive practical experience with animal surgery and in vivo experimental design. This review also briefly touches upon the descriptive and functional outcome measures and power calculations that are necessary for an informative study. Obtaining informative and relevant research outcomes can be very dependent on the model used, and we hope this evaluation of common models will serve as a primer for new researchers looking to undertake preclinical bone studies. Preclinical animal models are a common approach for studying the processes of bone formation and repair, and testing novel interventions to improve bone healing and regeneration. Rodent models are classically a first step for in vivo analysis, due to their accessibility and lower cost when compared to larger animal models and clinical studies. Rodents and humans have been shown to have similar bone anatomy and physiology, and at a genetic level 99% of human genes have a rodent homologue.
Preclinical animal models are a common approach for studying the processes of bone formation and repair, and testing novel interventions to improve bone healing and regeneration. Rodent models are classically a first step for in vivo analysis, due to their accessibility and lower cost when compared to larger animal models and clinical studies. Rodents and humans have been shown to have similar bone anatomy and physiology, and at a genetic level 99% of human genes have a rodent homologue. 1 Some key differences exist nonetheless; for instance, in contrast to humans, rodent growth plates remain open throughout adulthood.
One of the prevailing uses for small animal models is to screen multiple interventions simultaneously, such as novel drugs and/or drug doses, drug combinations, and delivery systems. It is often easier to demonstrate biological efficacy in rodents as there is less variation than between human subjects and fewer confounding variables such as presenting symptoms or comorbidities. Animal models can also be used to study the fundamental biological processes of bone formation and/or healing in a longitudinal fashion. Specific molecular factors that might be involved in such processes can be knocked out in murine models in order to further characterize their role.
However, it is not guaranteed that a positive result in rodent models will translate to similar effects or effect sizes in large animal models or humans. In addition, new adverse events may only be seen in humans. Thus, in many cases a major role of preclinical models is to provide a rapid and cost-effective method to determine whether a hypothesized approach is worthy of progressing to a more advanced and more expensive clinical trial.
This review discusses the numerous preclinical rodent models in widespread use by tissue engineering and orthopedic research groups worldwide. Tissue engineering models aim to generate new bone (typically employing a scaffold or carrier), while orthopedic surgical models more broadly aim to treat musculoskeletal injuries. Still, there can be considerable overlap in methodology. Specific attention is given to bone models that the authors have specific experience with. Preclinical orthopedic models of osteoporotic fractures, cartilage repair, tendon damage, and osteoarthritis are not specifically explored as these have been extensively reviewed elsewhere. [2] [3] [4] [5] Our review also highlights papers that have tried to standardize the outcomes of rodent bone research and provides an overview of the commonly employed outcome modalities, including radiographic, mechanical, and histological measures. Statistical considerations in small animal studies are also touched upon. Lastly, we discuss the common pitfalls encountered in planning preclinical experiments and advise on how to select an appropriate animal model to answer a particular clinical question.
ORTHOPEDIC AND BONE TISSUE ENGINEERING MODELS

Implantation Models
The term "implantation model" is used to describe a range of procedures designed to implant scaffolds or carriers with or without adjunctive agents and/or cells into a non-osseous site. These models are designed to produce nodules of ectopic bone with the primary outcome measure typically being new bone formation. Such models represent the most straightforward screening approach for tissue engineering.
Implantation models are first defined by the site of implantation, with the most common being a muscle pouch in the mouse or rat hind limb (Fig. 1) . Intramuscular implantation of bone forming agents has been associated with greater bone formation compared to subcutaneous sites. 6 This has been attributed to factors such as the blood supply and local availability of osteoprogenitor cells, 5 however may also be due to specific growth factors (myokines) produced by the muscle tissue. 7 Alternatively, pellets can be implanted into the paraspinal musculature. 8 This is a more technically challenging approach and clear radiographic visualization of the pellets can often be difficult, however between four and six implants can be implanted into each mouse, making it a highly efficient screening model.
The most common pro-osteogenic agents used in implantation models are bone morphogenetic proteins (BMPs), and in particular rhBMP-2 and rhBMP-7 (OP-1). 9 While BMPs have traditionally been delivered in porous collagen scaffolds, such as Medtronic's INFUSE 1 (rhBMP-2), 10 the hind limb muscle pouch model can also be used to screen alternative scaffolds or carriers. For example, this system was recently used to demonstrate that local co-delivery of activated protein C could enhance rhBMP-2 induced bone formation. 11 Of note, young adult animals (e.g., 8-week-old Wistar rats) are typically used in BMP implantation models rather than older animals, which have been shown to have a reduced response to BMPs. 12 
Hydrogels
13 and other injectable carriers 14 can also be tested in a hind limb implantation model. These injections are significantly less invasive and more efficient than implantation surgery and result in faster animal recovery. However, injectable biomaterials often create more irregularly shaped nodules than a traditional collagen scaffold, and may require containment within a scaffold structure to improve reproducibility of experiments. 15 One important consideration for ectopic bone models rarely discussed is that, depending on the location and the size of the ectopic nodule, it can fuse with nearby long bones, particularly with intramuscular implantation models. This proves challenging as any contact can provoke a robust periosteal bone formation response that generates substantially more bone than non-fused nodules. It can also make quantification with imaging modalities such as microCT difficult. Thus, it is recommended that all fused samples be excluded from any subsequent analyses.
Fracture Models
Fracture models enable researchers to test a variety of interventions on the physiological processes of bone repair. However, rodent fractures tend to heal extremely rapidly and effectively, unlike the more problematic clinical scenarios they seek to model. Therefore, one must be cautious in translating outcomes such as time to union or strength of union into presumed clinical benefit.
A variety of different fracture models are described in the literature and are typically defined by the animal, the site of the fracture and whether it is open or closed. Another consideration is whether the animal has received any genetic manipulation on a global or local level.
The most common and standardized fracture model is a closed midshaft femoral fracture in a rat (Fig. 2) . The femur is stabilized with an intramedullary Steinman pin or Kirschner (K) wire and then a diaphyseal fracture is created using the Einhorn drop-weight apparatus. 16 The key advantage of this particular model is that it is highly reproducible and has been widely used, enabling comparison between different research groups. However, the rapid rate of fracture healing observed in this model makes it unsuitable for testing interventions designed to improve healing in delayed unions.
An alternative method is to perform a femoral osteotomy and therefore create an open fracture model. 17 In this technique, a midshaft osteotomy is made with an oscillating saw and then the periosteum stripped around the fracture site. This results in a significant impairment of bone healing. The periosteum is a major source of osteoprogenitor cells for bone repair, 18 and therefore surgical techniques such as electrocautery that damage or remove the periosteum can be used to create models of impaired bone healing. 19 The more challenging nature of the orthopedic insult in these models enables better distinction of interventions that may translate into clinical benefit. Likewise, treatments previously shown to be effective in the closed fracture model do not necessarily translate into an open fracture model, as demonstrated by studies on intermittent parathyroid hormone (PTH) treatment. 16, 20 Murine fracture models can be created in the femur or tibia, each having their own distinct advantages. In our experience, transverse fractures, with minimal comminution, can be consistently created in the tibia Figure 1 . Implantation models. In these models an implanttypically acellular collagen scaffold containing a pro-osteogenic factors such as a bone morphogenetic protein is surgically introduced. Implants can be placed subcutaneously in the back (A) or in a muscle pouch created in the hind limb quadriceps (B) or hamstring.
using a hand-held three-point bending device such as a surgical staple remover. However, a drop-weight device has been designed for mice. 21 Midshaft tibial fractures tend to heal more rapidly than distal tibial fractures, with the latter occasionally demonstrating delayed union at 3 weeks. 22 Such fractures are commonly fixed with an intramedullary pin, however ring and external plate fixators have been described. 23, 24 Alternative models have been developed to examine metaphyseal fracture healing, but these typically involve metaphyseal defects rather than complete breaks. 25 Murine fracture models have a big advantage in that they enable genetic variables to be tested, using gene knockout, transgenic, or mutant mice. A particularly powerful technique uses local delivery of Creexpressing viruses in conditional knockout mice to produce specific gene deletion just around the fracture site. 26, 27 One advantage of this method is that the bone is mechanically and histologically unaltered at the time of fracture, allowing for the separation of bone biology from bone geometry. Although historically mice have always been the focus for genetic studies, the development of CRISPR gene editing technology will allow for rapid genetic manipulation of any species. 28 This exciting technology should enable increasingly complex orthopedic models to be created in genetically modified rats.
Critical Defect Models
Critical defects are those which, by definition, will not heal without intervention. The term has also been used to define a defect that demonstrates no more than 10% bone regeneration during the lifetime of the animal. 29 However, many newer models lack detailed characterization and longitudinal analysis of the untreated defect (Fig. 3) .
Rat calvarial defect models are widely used and the circular defect enables clear radiographic and histological analysis. The calvarial bone is large, flat, and nonload bearing and therefore requires no additional fixation. Limitations of this model include poorly described strain differences and it remains unclear whether such defects are truly critically sized over the lifetime of the animal. 30 Many variations of the rat fibula critical defect model exist, 31, 32 and in many ways these models can be considered analogous to the hind limb implantation model, except that the intended outcome is fusion of de novo bone with the existing bone ends. The rabbit radius can also be used for critical defect studies, and again this site has sufficient collateral support from the ulna not to require additional fixation. 33 However, once again, the major challenge with the size of these defect models is that substantial bone regeneration can occur even in the absence of intervention. For example, in a rabbit 15 mm radial defect that was initially described as critical sized, substantial bone formation was seen after 12 weeks in untreated controls, which almost regenerated the defect. 34 Thus, it is unclear whether positive results seen in these models will translate into actual benefit in challenging clinical situations.
Fixed femoral segmental defects remain the gold standard for modeling significant orthopedic injuries. 35 However, such models are often underestimated with respect to the time, cost, and technical expertise required compared to other simpler approaches. In rats, femoral segmental defects are 5-6 mm in length and require fixation. Our group uses a polyacetyl plate system that is fixed to the bone with K wires, 36 however other groups describe plates attached with screws or threaded pins. 37 An analogous model has been published for the mouse, using a specially designed titanium microlocking plate. 38 Our own experience with this particular system demonstrated that while the metal plate provided adequate stabilization, microscopic metal particles were generated by the oscillating bone saw touching the plate during the osteotomy. This was detectable on micro CT and confounded subsequent analysis (unpublished data).
Alternatively, rodent external fixators devices have been developed, which can be used for critical defects as well as for fractures or bone lengthening studies. 39, 40 Many are modeled on the classical Ilizarov frame used for distraction osteogenesis. 41 Another approach with emerging popularity is fixing critical defects with a locked intramedullary nail. 42 Femoral defect models can also be used to test novel surgical interventions. For example, critical defects stabilized with either a plate or intramedullary nail have been used to model the Masquelet technique. 43, 44 This method involves placing a cement spacer in the defect gap and allowing a membrane to form around the cement. A subsequent procedure is then performed to remove the spacer and fill the cavity with bone graft. Rodent models like this enable experimentation with novel techniques, such as substituting traditional bone graft with a synthetic scaffold coated with rhBMP-2. 39 Infection is major clinical concern with any open orthopedic injury or subsequent surgery, particularly when metalwork is implanted. Chen et al. described a variation of the rat critical defect model, in which the wound was inoculated with Staphylococcus aureus to create an infected defect. 46, 47 We have published a variation of this protocol as a model for infected open fractures. 48 There is some overlap between these models and the extensive work on osteomyelitis, which has been recently reviewed by Reizner et al. 49 A comparison of the different models from implantation to critical defects is shown in Table 1 .
Other Orthopedic Models
A number of more specialized rodent models have been developed for particular bony injuries or to recreate specific orthopedic procedures (Fig. 4) . Marrow ablation or intramedullary reaming is procedure that provokes a bone formation response. This creates a fibrous/mesenchymal reaction on the endosteal surface, which subsequently ossifies, and has successfully been modeled in both mice 50 and rats. 51, 52 While not a model of orthopedic injury, it is one of few models that primarily feature intramembranous ossification. An intramembranous response is similarly seen in the bicortical bone defect (drill-hole) model, 53 and such noncritical defects can be produced in the tibiae, femora, and calvaria of mice and rats. 54 By contrast, fractures 55 however the use of BMPs can provoke a combination of both intramembranous and endochondral processes. 56 Stress fractures, such as those produced by repeated cyclic loading, have been created in rodent models. 57, 58 These models are of particularly interest in examining bone fatigue, and also the interaction between pharmaceutical agents and bone micro-damage repair.
Distraction osteogenesis models have been produced in rats and rabbits and are used to model leg lengthening. 59, 60 Such models require not only specialist surgical expertise, but also specialized hardware that allow for the osteotomy to be gradually lengthened over time. Such models have been used for the testing of adjunctive pharmacotherapy, such as with bone morphogenetic proteins. 61 Orthopedic spinal models are challenging to create in the rodent as it is difficult to model the complex dynamics and loading seen in a bipedal system using a quadrupedal animal. 62 A published method for inducing scoliosis is to encourage rodents to become bipedal by amputating their tail and elevating their food, 63 however many researchers find this model difficult to ethically justify. Spinal fusion models are possible to create in rodents, however the differing anatomy of their spinal processes requires modification of the procedure to fuse adjacent articular processes rather than transverse processes. 64 Such fusion models are commonly performed using both bone graft and BMPs. Ultimately, rodent models are more suited for studying biological interventions than investigating biomechanical or surgical variables within the spine.
This list of orthopedic models is by no means exhaustive and new models are continually being developed, refined, and applied. For example, specialist models have been created to model injuries at specific sites such as the femoral head 65 or the growth plate. 66 Rabbits have traditionally been preferred models for joint arthroplasty, 67 however rat models are increasingly being developed. 68 Due to their smaller size, rodents are rarely suitable for looking at implant biomechanics, but can be very effective for examining the osseointegration of implants with novel biomaterial surfaces, 69 in conjunction with new biological agents, 70 and/or in the presence of infection.
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Figure 4. Other models. Intramedullary bone formation can be stimulated by reaming using a needle in rats and mice (A). A unicortical or bicortical defect can be made using a drill in the metaphysis (B) or cortical bone of the midshaft that will repair over time. Spine fusion can be instigated via surgical implantation of collagen sponges containing bone morphogenetic protein (C). 
Outcome Measures and Analysis
An ongoing challenge when designing orthopedic studies is the selection of clinically relevant outcome measures. Many journals promote publication of studies that focus on histological outcomes, and emphasis is placed on microstructural features that are associated with the quality of the bone. However, for translation into clinical practice, functional measures of bone union as well as mechanical outcomes demonstrating strength of union are arguably more significant. 72 Example data from orthopedic studies are shown in Figure 5 . Thus, a key primary outcome measure for most bone healing studies is union. Historically this is a dichotomous measure, however some studies have begun to describe "partial union" as a distinct entity from non-union or "complete union." 73 A rodent scoring system has been proposed based on the clinical Radiographic Union in Tibia (RUST) scale. Cortical bridging in AP (anterior-posterior) and lateral radiographs are assessed and scored, and this method has been found to have good inter-and intra-observer agreement in rats. 74 To measure bone formation, X-ray microtomography (microCT) has become the gold standard for three-dimensional bone assessment. Bouxsein et al. 75 have published a comprehensive series of guidelines on microCT data reporting for bone models, and this remains the current standard for the field. 75 This has been specifically refined for mouse and rat fracture studies. 76, 77 MicroCT is often performed first as it is non-destructive and samples can then undergo further mechanical or histological analysis. MicroCT data can also be used to examine the relationships between callus properties and subsequent biomechanical data. 78 Traditionally, fracture studies have used bend testing to failure as a measure of mechanical strength. This differs from non-destructive measures used clinically. 79 Three-point bend testing focuses the breaking point on the callus and creates several limitations. Plastic deformation can occur at the callus, affecting the initial stress-strain curve. Secondly, this assumes the callus is the weakest point of the united bone, which for some bridged fractures is not necessarily the case. Four-point bend testing has therefore become more widely adopted, even for spinal fusion models. 80 Torsional testing also works well, particularly for fracture studies, as it avoid applying load to the center of the bone and it is independent of the cross-sectional area. 81 Interpretation of mechanical data may often require further histological analysis as bone strength can be affected by the bone geometry and microarchitecture, as well as its material properties. 82, 83 Bone histology methods are well-established and have been standardized for assessing tissue types. 84, 85 This includes histomorphometric methods for characterizing bone microarchitecture 86 that can also be applied to ectopic bone nodules, callus tissue, or bone regenerate. In addition to traditional dynamic bone labeling with calcein or calcein-analogues, drugs that associate with bone such as bisphosphonates can also be labeled to enable clear visualization of the mineralized tissues. 87 Increasingly, fluorescent labeling is being used to examine lineage contributions in cell tracking or transplantation studies. 88 This technique can be performed in conjunction with fluorescent immunohistochemistry. The development of nonfluorescent stabilizing tape by the Rowe lab has enabled such techniques to be performed on undecalcified cryosections. 89 A major consideration for both union and radiographic measures is that appropriate statistical methods are applied for analysis. Parametric tests are advantageous as they take into account effect size, but require outcomes to follow a normal distribution. Notably, this is not the case for many orthopedic measures, such as callus size during fracture healing. Thus non-parametric rank-based statistical methods are more suitable for analyzing data from in vivo models. For categorical data, such as fracture union, the relatively small n values used in animal studies are more suited to the Fisher's Exact Test than the chi-squared test for significance calculations, 90 and for continuous data Kruskal-Wallis and Mann Whitney U tests are often more appropriate than parametric tests.
Common Pitfalls
A number of common pitfalls can befall preclinical studies, most of which can be readily avoided by a patient and considered approach. A lack of appropriate controls is the most commonly encountered problem. The two absolutely critical controls are an appropriate negative (no treatment) control as well as a positive (current standard of care) control. While it can be tempting to rely on historical controls, such as for a non-union or gap-healing model, it is vital that notreatment controls are performed for every experimental run. In addition, just comparing a treatment to an untreated control is often not that informative if there is already a given standard of care. For example, a novel tissue engineering graft substitute should be compared not only to no treatment, but also to bone graft or a BMP-loaded collagen scaffold. A lack of this latter positive control remains remarkably common in the literature. This may be attributed to a lack of accepted "gold standards" in these models, however bone autograft or BMP-2 are effective in most models in promoting new bone formation.
From a practical point of view, establishing an appropriate model and validating it are critical steps in the preclinical development cycle. Pilot studies examining the intrinsic variation seen within the model, as well as looking at the effect size of already established treatments can be invaluable for guiding experimental design as well as power calculations. Moreover, this can allow surgeons to adapt and practice a new procedure. One challenge for the reproducibility of any given model is a change in the person performing the animal surgery. We have found that a skilled surgeon can reduce the animal numbers required; conversely a new surgeon not familiar with the technique may require increased group sizes to maintain adequate statistical power.
Finally, there is a tendency to be overambitious with surgical models and it can be particularly challenging to perform complex orthopedic procedures in small animals, particularly mice. While significant progress has been made in producing specialist hardware for animal studies, 33, 34 these implants are often difficult to insert consistently and both expensive and time consuming to purchase or produce.
CONCLUSIONS
Rodent models are a powerful tool for examining the processes of bone formation and repair, and can enable testing of interventions in a much more consistent and reproducible manner than clinical studies. To maximize the translational potential of such studies it is necessary to carefully select an appropriate age, sex, and species of animal, choose clinically relevant outcome measures and ensure sufficient statistical power to address the research question. Fortunately, we now have well-established models of ectopic bone formation, open and closed fractures, and critical defects and these demonstrate highly reproducible methodology. These tried and tested experiments can often be adapted to suit new clinical questions, rather than requiring the design of an entirely new model.
AUTHORS' CONTRIBUTIONS
AS and RM were responsible for drafting of the paper. DGL provided critical review and corrections. All authors read and approved the final manuscript.
